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Abstract

All-atom simulations with explicit solvent provide the most detailed and accurate

description of dynamics and mechanisms in intrinsically disordered proteins and their

condensates. However, interactions involving charged residues and ions remain a persis-

tent source of systematic error. Here we introduce an osmometry-guided optimization

strategy that directly targets residue–residue, residue–ion and ion–ion interactions. Os-

motic pressure provides key experimental information on molecular interactions and

can be calculated directly and rapidly from simulations, enabling efficient iterative

force-field optimization. The resulting parameters improve agreement of all-atom sim-

ulations with a range of experimental data: single-molecule FRET measurements for

16 monomeric intrinsically disordered regions; NMR relaxation data for a complex be-

tween an IDP and a folded protein domain; and mean FRET efficiencies and chain

reconfiguration times of IDPs in biomolecular condensates of highly charged proteins.

For such condensates, simulations with an osmometry-calibrated force field provide

the missing link for predicting condensate dynamics across length and time scales.

The presented optimization strategy is broadly extensible to other interaction classes,

including those governing protein–DNA and protein–RNA assemblies.

Intrinsically disordered proteins (IDPs) and intrinsically disordered regions (IDRs) are

central to signaling, transcription, molecular recognition and the organization of cellular

assemblies.1 Rather than adopting one stable structure, they populate heterogeneous con-

formational ensembles whose populations and dynamics respond to sequence, binding part-

ners, post-translational modification and solution conditions. These properties allow an

IDR to recognize several partners, couple binding to regulation and remain dynamic within

high-affinity complexes.1–3 IDPs and IDRs are also major constituents of biomolecular con-

densates, concentrated and dynamic assemblies generated by multivalent interactions among

proteins and often DNA or RNA,4 which have been implicated in signaling, ribosome bio-

genesis, genome organization, transcription and stress responses.1,5,6 The broad structural

ensemble populated by IDRs also makes them difficult to model, since agreement with a sin-
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gle average observable does not ensure that the underlying conformational ensemble, contacts

or timescales are correct.7 We thus require molecular models with the power to accurately

predict IDP conformational heterogeneity and dynamics. In condensates, this challenge is

amplified because these properties depend not only on intramolecular interactions but also

on many transient intermolecular contacts in a concentrated, often multicomponent environ-

ment.8

Coarse-grained models have long been the workhorse of condensate simulations because

they can reach the system sizes and statistical sampling needed to calculate phase diagrams,

compare sequences and investigate material-property trends.9–11 However, time scales from

coarse-grained dynamics are generally much too fast and can only approximately be rescaled

for comparison with experiment, owing to the many degrees of freedom omitted.8,11 All-

atom explicit-solvent force fields are able to play a complementary role to coarse-grained

models: once optimized, the same model can be applied without system-specific parameter

adjustment to monomeric IDPs, protein complexes and condensates, including systems con-

taining both disordered and folded proteins, and its dynamics can be directly compared with

experiment on an absolute time axis.11–14

Recent advances in accelerator hardware and molecular-dynamics software are making

all-atom condensate simulations increasingly feasible. For example, systems containing sev-

eral million atoms can now be followed for several microseconds,13 but it is still critical to

have an accurate energy function (force field): because of their disorder, IDRs can substan-

tially shift their configurational ensembles in response to force field errors, in contrast to the

more robust situation for folded proteins. Over the past decade, protein force fields have

improved markedly through refinements of backbone and side-chain torsions,15–17 protein–

water interactions18–22 and, in some models, electronic polarization.17,23 These developments

have enabled equilibrium folding calculations24 and realistic simulations of both folded and

disordered proteins.21,25,26 Interactions between charged groups nevertheless remain a per-

sistent weakness of widely used pairwise-additive models.27,28 Association measurements on
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side-chain analogues and NMR estimates of salt-bridge populations indicate that oppositely

charged groups are too strongly associated in simulation.27,29 In a sequence-diverse set of 16

IDRs, deviations between simulated and experimental mean Förster resonance energy trans-

fer (FRET) efficiencies were most strongly correlated with the fraction of charged residues

and the number of possible salt bridges; reweighting indicated the largest corrections for

arginine-containing salt bridges.30

Including explicit electronic polarizability would provide a more physically realistic form

for Coulomb interactions in force fields, but polarizable force fields remain four- to ten-

fold more expensive and are not yet routine for the multi-million-atom, multi-microsecond

calculations considered here.31 Two practical corrections to interactions between charged

groups have been successfully used within pairwise-additive models. Electronic-continuum-

correction approaches scale ionic or charged-group partial charges to represent electronic

screening implicitly.32–35 Pair-specific Lennard-Jones terms instead rebalance selected short-

range interactions without changing the net charge of a molecule.36 However, identifying

accurate corrections requires stringent benchmarks, ideally based on experimental data.

Osmotic pressure measurements are a promising source of information on intermolecular

and interatomic interactions in solution and can be calculated directly and quickly for the

same solution composition in simulation.36–38

Here we develop an osmometry-guided workflow for optimizing charge interactions in

all-atom force fields (Fig. 1). We augment the limited available osmotic pressure data for

monovalent salts and some amino acids with new, tailored experiments, particularly targeting

interactions between charged residues. We derive two force field parameter sets that each

reproduce the experimental observations: one based primarily on charge scaling and another

that preserves integral charges while modifying Lennard-Jones interactions.

We assess the optimized parameters against a large set of experimental data: single-

molecule FRET measurements for 16 sequence-diverse IDRs, NMR relaxation data for a

highly charged complex between an IDP and a protein containing a folded domain, and
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Figure 1: Osmometry-guided optimization and validation of charge interactions in all-atom
force fields. a, Osmotic pressure, Π, is measured for defined solutions that isolate residue–residue, residue–
ion and ion–ion interactions. A semipermeable membrane confines the solutes to one side while water passes
freely allowing the osmotic pressure to be determined from the difference in height of the liquid in the columns
on either side. Blue and red denote positively and negatively charged species, respectively. Star-shaped
symbols represent generic charged solutes, water is light blue and the membrane is purple. b, Simulated
and experimental concentration-dependent osmotic pressures identify interactions that are too attractive
or too weak. In simulations, osmotic pressure can be calculated from the total force exerted on virtual
semipermeable walls that mimic an osmotic membrane. Non-bonded parameters controlling Coulomb and
Lennard-Jones interactions, including q, σ and ϵ, are varied iteratively until the benchmark is reproduced. c,
Final parameters are transferred without further adjustment to explicit-solvent simulations of IDPs, protein
complexes and condensates and validated against FRET, NMR and nsFCS. The calibration systems converge
within hours, whereas the production simulations require weeks to months. Molecular sizes are schematic
and not drawn to scale.

single-molecule FRET and nanosecond fluorescence correlation spectroscopy (nsFCS) mea-

surements for four multicomponent condensates formed by charged disordered proteins.

Residue-specific Lennard-Jones optimization yields a consistent overall improvement against

this validation data set. Together, these results demonstrate that force field parameters

optimized using osmotic pressures of simple amino acid and ion solutions transfer without

further adjustment to proteins and multicomponent condensates. Because the solutes can be

selected to target the interaction class of interest, the approach provides a simple and broadly

applicable experimentally based strategy for optimizing problematic force field interactions.
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Results

Osmotic pressure as a sensitive measure of molecular interactions

To achieve high efficiency, the workflow separates force-field optimization into calibration

and validation stages that differ in molecular and computational complexity by several or-

ders of magnitude (Fig. 1). Osmotic pressures are first measured for solutions chosen to

isolate classes of interactions between charged moieties that recur in biomolecular simula-

tions (Fig. 1a). The present set comprises oppositely charged amino acid pairs, charged

amino acids with monovalent counterions, and NaCl or KCl. These mixtures retain the

relevant chemical groups while avoiding the conformational heterogeneity of a protein and

the coupled interaction network of a condensate. In particular, the side-chains already occur

in the context of an amino acid, eliminating the need to assume that parameters can be

“transferred” from small molecule analogs.39 The experimental compositions are reproduced

in simulation using semipermeable walls to mimic an osmotic membrane. The walls confine

the solutes to a central region while water exchanges freely, and the osmotic pressure is

calculated from the mean restoring force acting on the confined solutes.36 Experiment and

simulation are thus compared through the concentration dependence of the same thermo-

dynamic observable. Candidate electrostatic or Lennard-Jones parameters are varied until

the simulated osmotic pressures reproduce the measurements across interaction pairs and

concentrations (Fig. 1b), rather than at a single state point. Finally, the optimized parame-

ters are applied without further modification to realistic biomolecular systems and validated

against multiple experimental observables (Fig. 1c).

A benchmark dataset resolves the relative strengths of charge interactions

For a solution of non-interacting solute species, the ideal osmotic pressure is

Πideal = ctotRT,
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where ctot =
∑

i ci is the total molar concentration of all solute particles, with each disso-

ciated ionic species counted separately, R is the molar gas constant and T is the absolute

temperature Attractions between solute molecules tend to lower Π relative to Πideal, whereas

repulsive interactions have the opposite effect. The osmotic coefficient, ϕ = Π/Πideal, thus

reports the net balance of solute–solute and solute–solvent interactions. Solution composi-

tions in this work are reported as molalities, whereas c in the ideal-gas relation denotes molar

concentration. The conversion of measured osmolality to the pressure scale is described in

Methods.

We measured concentration-dependent osmotic pressures for equimolar Lys–Glu, Lys–

Asp, Arg–Glu and Arg–Asp mixtures, and for Asp–Na+ and Asp–K+ solutions. Literature

measurements for the remaining residue–ion and ion–ion pairs completed the benchmark.40–42

Together, the data cover the basic and acidic side chains and the monovalent ions used

throughout the subsequent protein simulations. Measurements over a concentration range

are important because a force field may agree near the dilute limit yet deviate as weak pair

interactions accumulate.

The measurements reveal substantial chemical specificity (Fig. 2). KCl and KGlu remain

close to ideal over much of the investigated range, whereas most other pairs have osmotic

coefficients below one, consistent with net attraction. At high concentration, NaCl instead

reaches ϕ > 1. The strength inferred for amino acid association follows Arg–Asp > Arg–

Glu > Lys–Asp > Lys–Glu (Fig. S1a). For amino acid–ion pairs, the corresponding order

is Arg–Cl− > Asp–K+ > Lys–Cl− > Asp–Na+ > Glu–Na+ > Glu–K+ (Fig. S1b). The

pronounced Arg vs. Lys difference is qualitatively consistent with previous studies showing

substantially stronger Arg-dependent interactions in IDPs and condensates.13,43,44 Controlled

substitutions in charge-patterned IDPs further show the same qualitative residue specificity

in single-chain behavior: replacing Lys by Arg has a large effect on salt-dependent chain

expansion, whereas replacing Glu by Asp has a much smaller effect.45 The pair-resolved

dataset consequently tests whether a force field reproduces both the relative and overall
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strengths of charge interactions.

We calculated the corresponding osmotic-pressure curves based on simulations with Am-

ber ff99SBws and TIP4P/2005 water, using the Luo–Roux monovalent-ion parameters as the

starting point.18,36,46 Because standard Amber protein force fields do not provide a parame-

ter set for isolated amino acids with both termini charged, we derived a shared zwitterionic

backbone while retaining the protein-force-field side-chain charges (Methods). Simulations

of zwitterionic alanine and glycine agreed with our measurements and literature data47,48

(Fig. S2) without adjustment, validating the terminal-group model.

The original force field reproduced several interaction pairs reasonably but underesti-

mated Π for important combinations, indicating excessive net attraction (Fig. 2). The largest

deviations involved arginine and sodium together with anionic amino acids, and Asp–Na+

showed the strongest discrepancy. This ordering is consistent with earlier measurements

and calculations identifying overly favorable salt bridges in additive force fields.27,29 It also

mirrors the stronger correction inferred for arginine-containing salt bridges in our previous

study.30

Two optimization routes reproduce the osmotic-pressure bench-

mark

We explored two force field optimization routes that alter the balance of solute–solute and

solute–water interactions by prioritizing changes to different terms in the potential energy

function. The first weakens Coulomb interactions by scaling the charges of charged residues

and ions, followed by limited ion–water Lennard-Jones adjustments. The second preserves

the integral net charges of residues and ions and more extensively modifies Lennard-Jones

interactions.
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Route 1: Charge scaling correction

Following the rationale of electronic-continuum-correction models,32–35 we scaled the partial

charges on the heavy atoms of charged side chains so that each side chain carried a net

charge of ±q rather than ±1e. We scanned q using the four amino acid-pair datasets at four

concentrations and evaluated the global discrepancy from experiment. A charge magnitude

of 0.93e minimized the unreduced χ2 (Fig. S3), reaching a value of 7.1 from an initial value

of 45.6. Smaller charge magnitudes produced only modestly larger deviations, whereas the

discrepancy increased rapidly above 0.93e. We selected 0.93e as the least perturbative value

within the optimum and applied the same magnitude to monovalent ions to preserve charge

neutrality; this value is in a similar range to those obtained in several earlier studies.22,34,49,50

In addition to the residue–residue data, charge scaling also brought the residue–ion and

ion–ion osmotic pressures closer to experiment, but interactions of Na+ and K+ with acidic

residues remained too attractive, whereas Cl− association with basic residues became slightly

too weak. One electrostatic scaling factor changes every interaction involving a scaled site,

including favorable and unfavorable Coulomb terms and its interaction with solvent. To

further improve residue–ion and ion–ion parameters, we therefore adjusted the Lennard-

Jones diameter σ between each inorganic ion and the water oxygen atom (OW), as related

corrections have previously been required in charge-scaled models.51,52 Relative to values

from the standard combination rule, the selected scaling factors were 0.965 for σNa+–OW,

0.98 for σK+–OW and 1.005 for σCl−–OW (Fig. S4). The small σCl−–OW change had little effect

on the already reasonable Lys–Cl− and Arg–Cl− curves. Together with the cation–water

adjustments, it allowed the NaCl and KCl osmotic pressures and coordination numbers to

be described with the same parameter set. The set of parameters optimized via this route

was denoted Amber ff99SBws-CS.
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Route 2: Lennard-Jones optimization with integral charges

The second route retained the formal net charges of all residues and ions. We first changed

σ for interactions between OW and the heavy atoms of charged amino acid side chains. A

uniform 1% reduction across the four charged residues lowered the global χ2 for the four

residue-pair datasets from 45.6 to 6.0 (Fig. S5). Residue-specific optimization reduced it

further, to 4.5. The selected σresidue–OW scaling factors were 0.99 for lysine, 0.985 for arginine,

0.99 for aspartate and 0.995 for glutamate. The largest change was thus assigned to arginine,

in agreement with the correction inferred by reweighting the 16-IDR dataset.30 Modifying

σresidue–OW shifts the balance between hydration and direct residue association while leaving

formal charge and long-range electrostatics unchanged.

These changes in σresidue–OW were sufficient for Lys–Cl− and Arg–Cl−, and improved,

but did not fully correct, the interactions of acidic residues with Na+ or K+ (Fig. S6). We

therefore modified the ion Lennard-Jones parameters. Across commonly used monovalent-ion

parameter sets, σ and the well depth ϵ differ widely, but are strongly anticorrelated (Fig. S7a),

likely because of the emphasis on parameterization using solvation free energy, which is

strongly dependent on the ion radius.53 Here, we preserved this relation while modifying

the ion parameters. Defining the effective radius reff as the distance at which the ion–water

Lennard-Jones energy reaches ϵrep = 0.5 kcalmol−1, i.e. reff = σ
[
2/(1 +

√
1 + ϵrep/ϵ)

]1/6
,

we varied σ and ϵ while changing reff by less than 2% (Fig. S7d).

Increasing σK+ weakened excessive Glu/Asp–K+ association, whereas lowering ϵK+ partly

opposed this change by shifting the competition between ion–water and residue–ion inter-

actions. A 1.3-fold increase in σK+ together with a 0.02-fold scaling of ϵK+ best reproduced

both acidic-residue datasets (Fig. S6c,d). For Na+, the residue–water changes already re-

duced excessive Glu/Asp–Na+ attraction. A further 1.3-fold increase in σNa+ improved the

agreement, and setting σNa+–OW to its original force-field value gave the best result within

this functional form (Fig. S6e,f). Asp–Na+ remained somewhat too attractive, but further

changes produced little improvement.
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We finally tested ion–ion association, because changes made to improve residue–ion inter-

actions can disrupt electrolyte behavior. The modified K+ parameters alone overstabilized

KCl at high concentration and increased the near-saturation coordination number from the

experimental value of 0.6 ± 0.1 to 2.92 ± 0.03.54 Pair-specific K+–Cl− parameters, with

σK+–Cl− and ϵK+–Cl− scaled by factors of 1.3 and 0.29, respectively, reproduced both the

KCl osmotic-pressure curve and a coordination number of 0.50 ± 0.03, within error of the

experimental value. The Na+ changes had the opposite effect and made NaCl association

too weak. Scaling ϵNa+–Cl− by 0.29 restored agreement with the osmotic-pressure data and

increased the coordination number from 0.0006 to 0.22±0.03, close to the experimental value

of 0.3± 0.1.54 These tests prevent a local improvement in amino acid–ion interactions from

being obtained at the cost of an unphysical ion distribution. The complete set of parameters

optimized via this route was denoted Amber ff99SBws-LJ.

Parameter testing in folded and disordered proteins

Altogether, charge scaling (CS) and Lennard-Jones (LJ) optimization both reproduce the

calibration data set, but what are the consequences of these parameter changes for the

transferability to more complex biomolecular systems? The parameters optimized in the

small systems were transferred without further adjustment to more complex biomolecu-

lar simulations. The first test uses IDRs whose mean transfer efficiencies are measured

by single-molecule FRET; the second introduces a folded binding partner and compares

residue-resolved NMR relaxation; and the final test compares simulated and experimental

mean transfer efficiencies and absolute chain reconfiguration times within multicomponent

condensates using single-molecule FRET and nsFCS. Together, these comparisons assess

the transferability of interaction parameters optimized using amino acid osmometry across

monomeric disordered chains, protein complexes and condensates.
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Improved consistency with FRET data for 16 disordered proteins

To determine whether agreement in the calibration systems transfers to proteins, we sim-

ulated 16 naturally occurring IDRs of identical length but diverse composition and charge

patterning.30,55 Their mean transfer efficiencies, which report on the average end-to-end

distances, had previously been measured by single-molecule FRET, and each dye-labeled

sequence was simulated explicitly with both optimized parameter sets. The original force

field already captured the broad sequence dependence but yielded several chains that were

too compact. The deviation from experiment correlated with the fraction of charged residues

and even more strongly with the number of possible salt bridges.30
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Figure 3: Transferability across sequence-diverse disordered proteins. Experimental mean FRET
efficiencies for 16 IDRs of identical length are compared with values calculated from explicit-dye simulations
using a, the original Amber ff99SBws force field, b, the charge-scaled parameters and c, the Lennard-Jones-
modified parameters. Each color denotes one IDR (see legend). The concordance correlation coefficients are
0.84, 0.83 and 0.91, respectively. The inset shows an IDR with Cy3B (green) and CF660R (red), K+ (blue),
Cl− (red) and water (transparent light blue); hydrogen atoms are omitted. Experimental and simulation
uncertainties are defined in Methods and Refs. 30,55.

The constant chain length makes this set a sensitive test of sequence-dependent intrachain

interactions. Differences in transfer efficiency therefore arise from amino acid composition

and patterning rather than polymer length, while the explicit treatment of the fluorophores

retains their steric and electrostatic contributions. The set includes chains with different

fractions and arrangements of positive and negative residues, so an apparent improvement

confined to one sequence cannot dominate the assessment. The results (Fig. 3) show that
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the LJ variant improved the agreement with experiment (concordance correlation coefficient

of 0.91 versus 0.84 for the original force field), with the largest reductions in error occur-

ring among charge-rich sequences. The agreement of the scaled charge (CS) variant was

similar to the original (concordance correlation coefficient of 0.83). We therefore selected

the Lennard-Jones-refined parameter set, Amber ff99SBws-LJ, for additional testing on a

folded–disordered complex and protein condensates.

Dynamics from NMR relaxation in a folded–disordered protein complex

We next examined the highly charged complex between the intrinsically disordered pro-

thymosin α (ProTα) and the folded globular domain of histone H1,3 whose structural and

dynamic properties have been investigated in detail with NMR.56 ProTα remains disordered

in this high-affinity complex and rapidly exchanges among many configurations on the surface

of its folded partner. The system combines electrostatic interactions, structural heterogene-

ity and a globular protein surface, features absent from both the osmometry solutions and

the monomeric-IDR validation. It is also a stringent dynamic benchmark: over-stabilized

intermolecular salt bridges can slow the exchange among configurations.56

NMR longitudinal and transverse relaxation rates (R1 and R2) and the steady-state het-

eronuclear NOE report on residue-specific backbone dynamics of ProTα. With the original

force field, simulated R2 rates for ProTα were substantially above the experimental values,

especially in its highly charged C-terminal region (Fig. 4a). The excess R2 corresponds to

motion that is too slow on the nanosecond timescale and is consistent with long-lived inter-

molecular contacts. The Lennard-Jones-refined (LJ) force field improved both R1 and R2

across the ProTα sequence (Fig. 4a). Intermolecular contact lifetimes provide a molecular

explanation: the mean lifetime of ProTα–H1 contacts decreased from 12.0± 1.0 ns with the

original parameters to 6.3±0.4 ns after optimization, and the long tail of contacts persisting

for hundreds of nanoseconds was strongly suppressed (Fig. 4b). Overall, the parameters opti-

mized using amino acid osmometry improve charge-driven interactions between a disordered
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Figure 4: Dynamics of a complex between a folded domain and an IDP. a, Experimental residue-
resolved R1, R2 and steady-state heteronuclear NOE values for ProTα bound to the globular domain of
histone H1,56 compared with values calculated using the original and Lennard-Jones-modified force fields.
b, Cumulative distributions of intermolecular contact lifetimes. The optimized parameters suppress the tail
of long-lived contacts present with the original force field. The inset shows ProTα (red), the H1 globular
domain (blue), K+ (blue spheres), Cl− (red spheres) and water (transparent light blue); hydrogen atoms are
omitted.
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chain and a folded protein.

Optimized interactions match experimental chain dynamics within condensates

Multicomponent biomolecular condensates provide a demanding test because each protein

samples a dense network of residue–residue and residue–ion interactions over a wide range of

local environments. Small imperfections that are tolerable in a dilute solution can accumu-

late in the dense phase of a condensate, leading to kinetic trapping, an incorrect molecular

density, or dynamics on the wrong absolute timescale. We previously used all-atom simula-

tions to relate nanosecond chain reconfiguration to translational diffusion and bulk viscosity

in complex coacervates composed of ProTα and different Lys- and Arg-rich polycations.12,13

The simulations reproduced the qualitative slowdown from lysine-rich to arginine-rich con-

densates, but ProTα reconfiguration times in the arginine-rich systems were more than an

order of magnitude longer than in experiment.13 These condensates thus provide a stringent

test of whether the parameters optimized using small-molecule solutions transfer to such

large biomolecular assemblies.

We simulated ProTα condensates formed with either lysine-rich histone H1 or arginine-

rich protamine at 8mM and 128mM KCl, yielding four systems of 2.6–4.0 million atoms.

The two polycations provide a chemically informative comparison because arginine required

a larger osmometry-derived correction than lysine. The two different salt concentrations are

a further test of the balance of protein and ion interactions.

We first examined ProTα chain dimensions within the condensates using the mean FRET

efficiency, ⟨E⟩, for direct comparison with experiment. Amber ff99SBws already reproduces

the experimental transfer efficiencies for three of the four condensate conditions, with the

remaining ProTα–protamine condensate at low salt showing a modest deviation. Am-

ber ff99SBws-LJ preserves the agreement across all systems and improves the agreement

for the ProTα–protamine condensate at low salt (Table S1).

The average ProTα reconfiguration times in the lysine-rich ProTα–H1 condensates were
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